ABSTRACT: People with hip osteoarthritis (OA) demonstrate altered movement patterns in the hip joint, as well as the pelvis and spine. While kinematic changes have been described in the literature, little is known about the associated erector spinae (ES) activity. Increased or prolonged ES activity may contribute to the low back pain often associated with hip OA. Using a cross-sectional cohort study, 3D trunk motions and ES surface electromyography were recorded on 19 individuals with severe OA (SOA), 20 with moderate hip OA (MOA), and 19 asymptomatic (ASYM) individuals during treadmill walking, using standardized collection and processing procedures. Principal component analysis was used to derive electromyographic amplitude and temporal waveform features. Three-dimensional thoracic motion in a global system, and thoraco-lumbar motion was calculated. Various statistical analyses determined between group differences (a ¼ 0.05). In the sagittal plane, thoracic motion was greater in the SOA group (p < 0.001), whereas the ASYM group used less thoraco-lumbar motion than either OA group (p 0.002). Greater frontal plane angular excursion during early stance was found in the thoracic region in the SOA group (p 0.001) . With increasing OA severity, bilateral ES activity increased during the swing phase of gait (p < 0.001), whereas during stance, the SOA ipsilateral ES activity was higher than other groups (p < 0.001). Statement of clinical significance: with moderate and severe OA, sagittal, and frontal trunk motion increases during gait. ES activity during the entire gait cycle is more sustained with increased disease severity, which may aide our understanding of low back pain associated with hip OA. ß
Hip joint osteoarthritis (OA) leads to musculoskeletal disability in many older adults, but the effects are not isolated to the hip region. During walking, altered gait patterns have been found at the ankle, 1 knee, [1] [2] [3] [4] pelvis, 5, 6 and lumbar spine, 7, 8 as well as a general ipsilateral shift of the body's center of mass over the affected leg. 9 While as many as one in two people with hip or knee OA also report low back pain (LBP), 10 little is known about the mechanics and muscle activation patterns of the trunk in this population. Trunk kinematic changes associated with hip OA would be accompanied by altered muscular control, yet details regarding these trunk muscle activation patterns are unknown. Such musculoskeletal manifestations have the potential to negatively impact general health, ability, and participation in everyday life tasks. 11 Gait associated with unilateral hip OA is typified by reduced three-dimensional motion of the affected hip, most notably extension. 3, 12 When compared to a nonarthritic group, frontal and transverse hip motions have been shown to be reduced in those with severe OA, 13 as well as mild-moderate OA, depending on the phase of the gait cycle. 5 In order to maintain efficient gait patterns, despite decreased hip mobility, joints proximal, and distal to the symptomatic hip may exhibit compensatory patterns. People with unilateral hip OA frequently demonstrate an ipsilateral displacement of their upper body over the affected hip during stance, 3, 9, 14 have greater amounts of pelvic anterior pelvic tilt 3, 5, 7 as well as increased total pelvis motion in the sagittal and frontal planes, regardless of disease severity. 15 These kinematic changes have implications for understanding the mechanisms of LBP in this population. However, in order to more fully understand the aetiology of LBP in a hip OA population, underlying muscular contributions to these kinematics must be better understood.
During gait, the erector spinae (ES) demonstrates a bimodal pattern of activity, with amplitude peaks coinciding with initial foot contacts. 16 At self-selected walking speed, ES activity associated with contralateral heel strike is slightly higher than ipsilateral. 16, 17 It is suggested that ES activity is largely a response to frontal plane motion; that is, eccentric activity as the trunk displaces to the opposite side. 16 As hip OA severity increases, the associated increase in trunk frontal motion 3, 12, 14 would require altered muscular control for efficient gait. The question arises as to how the altered kinematic patterns of the trunk and pelvis affect ES activity. Increased or prolonged ES recruitment has implications for cumulative lumbar compressive forces, 18 and may contribute to LBP, frequently experienced by people with hip OA. 10 Combining both kinematics and electromyography (EMG) will provide a more complete picture of spine mechanics, to help understand the influence that hip OA severity has on trunk motion and erector spinae activation patterns. The study purpose is to determine whether three-dimensional trunk kinematics and ES activity patterns are altered in individuals with moderate and severe hip OA compared to an asymptomatic healthy group. Our hypotheses are: (i) with increased hip OA severity, there will be increased trunk sagittal motion and ipsilateral side flexion; and (ii) erector spinae will demonstrate altered recruitment patterns (temporal and amplitude) during stance that will be dependent upon hip OA presence and severity.
METHODS Participants
For this Level III cross-sectional study, participants were recruited from local orthopaedic clinics after consultation with an orthopaedic surgeon for unilateral hip OA. Hip OA was determined using the American College of Rheumatology criteria. 19 Individuals were classified as having moderate OA (MOA) if they were (i) free of joint prosthesis in the lower extremity; (ii) not candidates for total hip replacement; (iii) prescribed either arthroscopy or conservative treatments for early disease management; and (iv) self-reported their ability to complete three functional tasks including walking more than a city block, climbing a flight of stairs in a reciprocal fashion, and jogging 5 m. 13 Individuals classified with severe hip OA (SOA) were candidates for total hip replacement. Asymptomatic (ASYM) participants were recruited from the general community using website and email based advertisements and considered a sample of convenience. These individuals had no pain in their ankles, knees, or hips during testing and no symptoms of lower extremity OA. All participants were required to be !50 years of age, have no fracture or injury other than a sprain or strain (within 1 year) or no previous knee/hip joint surgery. All participants had to be able to walk independently with no neurological or cardiovascular disorder that would impair walking ability. No individuals reported back pain that limited their ability to walk at the time of testing. The protocol was approved by the local institutional ethics review committee (NSHA-RS/2014-081) and participants provided written informed consent.
Procedures
Participants changed into a T-shirt and fitted shorts, removed their footwear and completed at least five self-paced walking trials across the 5.4m Â 0.6m GaitRITE TM portable pressure sensitive walkway (CIR Systems, Clifton, NJ) to determine average self-selected gait speed.
Following these trials, participants were prepared for surface EMG; skin was lightly shaved and cleaned with 70% alcohol wipes. The gait analysis protocol included both lower extremity and lumbar spine EMG. For the objectives of this study, only ES procedures will be detailed. Consistent with previous work 20 and standard procedures, Ag/AgCl surface electrodes (10 mm diameter, 30 mm inter-electrode distance, Red Dot, 3M Health Care, St. Paul MN, USA) were placed bilaterally in a bipolar configuration over ES, measured 6 cm lateral to the third lumbar vertebra. This site was chosen for its ability to detect muscle activation changes due to altered frontal and sagittal moments in the mid-lumbar region. 20 Muscle palpation and isometric contractions specific to ES were used for signal validation and gain adjustment. Surface EMG was recorded with an AMT-8 TM 8-channel Bortec system (Bortec Inc. Calgary) (Input Impedance: $10 GΩ, CMRR: 115 dB at 60 Hz, Band-pass (10-1,000 Hz)) using a custom LabVIEW TM 2013 program (National Instruments Corporation, Austin, TX) at 2,000 Hz.
Standardized marker placements were used including rigid sets of four retro-reflective markers affixed to the thoracic trunk region (midline, at the level of inferior scapular angles, approximately T7), pelvis (atop the sacrum, midway between the posterior superior iliac spines), and bilateral posterior femur and tibia using Velcro straps secured with adhesive tape. Single retro-reflective markers were placed over the lateral aspect of the shoulders (3.5 cm below acromion), atop the spinous process of the C7 vertebra, greater trochanters, medial, and lateral femoral and tibial epicondyles, medial, and lateral ankle malleoli, heads of the 5th metatarsals, and posterior heels.
Prior to gait analysis, a standing calibration was completed, and locations of the sternum and anterior superior iliac spines were digitized using a calibrated wand. Markers over the greater trochanters, medial tibial and femoral epicondyles, lateral tibial epicondyles and medial malleoli were then removed for the remainder of testing. Retro-reflective skin marker motion was captured at 50 Hz using four Qualisys Pro-reflex motion analysis sensors (Gothenburg, Sweden).
Participants began walking on the treadmill with at least 4 min of accommodation/warm-up at a speed set to that determined using the GaitRITE TM walkway. Following this, three 20-s data collections were completed, with approximately 1 min between collections. Participants were blinded to collection intervals. After completion, all retroreflective skin surface markers were removed and a resting muscle activity trial (EMG subject bias) was recorded with the participant lying supine. Electrodes were subsequently removed.
All participants completed the Hip Outcome Osteoarthritis Score (HOOS) prior to concluding the study.
Data Analysis
Raw EMG signals were first processed to minimize the effects of treadmill noise contamination. This included, (i) band pass filtering (4th order Butterworth; 20-500 Hz) 21 and (ii) band-stop filtering at 60 Hz (and harmonics) in the frequency domain (using Fast Fournier Transformation, FFT and following inverse FFT). EMG signals were corrected for resting bias, converted to micro-volts, fullwave rectified, and filtered using a 4th order Butterworth 6 Hz recursive low-pass filter to create a linear enveloped signal. 13 All EMG waveforms were amplitude normalized to the maximum EMG amplitude obtained for each muscle during each stride. 22 Technical and local anatomical bone embedded trunk coordinate systems were derived from digitized points and skin markers. The trunk anatomical coordinate system was derived from the C7 static marker, sternum, and rigid cluster affixed to the trunk. The vertical axis was oriented between the rigid cluster center and C7, medial/lateral axis was the cross product of the vertical axis and vector from rigid cluster to sternum and anterior-posterior axis was the cross product of medial-lateral axis and vertical axis. The medial-lateral axis bisecting the ASIS formed the fixed pelvis axis. The vertical and anterior/posterior axes were a result of cross products from the vector originating at the sacral plate, directed anterior to the midpoint between the right and left TRUNK RESPONSE TO HIP OA ASIS. Joint angles were calculated using a 6-degree of freedom model through Cardan/Euler rotations (sequence flexion, side bending, and axial rotation) with respect to the global frame of reference for thoracic motion, and thorax relative to pelvis for thoraco-lumbar motion. Flexion, right side bending and left rotation were defined as positive angles. A kinematic heel strike detection method was used, whereby the maximum forward trajectory of the heel marker relative to the pelvis indicated heel strike. 23 Trunk angles and EMG were time normalized to 100% of the gait cycle (101 data points representing heel strike to heel strike) using a cubic spline interpolation technique. All signal processing and analyses were completed in MATLAB TM Ver. 2014 (The Mathworks Inc., Natick, MA) using a custom script.
Thoracic motion was determined by the movement of the thoracic marker cluster in a global coordinate system, while thoraco-lumbar motion was determined by relative motion between the thoracic and sacral markers. 24 While previous research has used T12 for the thoracic marker, T7 was used in this case, for the purpose of concurrent analyses, thus this outcome represents motion in the lumbar and lower thoracic spine. These were classified as ipsilateral or contralateral to the most symptomatic hip of those with hip OA and a random limb of the healthy group. For those participants whose left hip was perceived to be the symptomatic one, negative values of the frontal and transverse plane data were calculated, such that data polarity was consistent across all participants (i.e., as if all had right hip OA). Data was ensemble averaged across the three 20-s walking trials (!40 strides/side). In each plane, angular excursions were calculated. In the frontal plane, the excursion from heel strike to peak range of motion during stance was also calculated.
Principal component analysis (PCA) 25 captured temporal and amplitude based EMG waveform features using a custom MATLAB TM Ver. 2014 script. This technique has previously been described in detail when used to identify quadriceps and hamstrings activation patterns in knee OA 26 and gluteal activity in hip OA gait. A percent trace was calculated to determine how much variability was contained in each PP; those explaining the greatest percent of variation (>90% total variation) in the waveforms were retained and referred to as PP1, PP2 etc. Following PCA, stride data were ensemble averaged across the three walking trials for each muscle within each group. Z-scores, referred to as Principal pattern scores in the manuscript (PP-scores) were computed for individual gait waveforms by multiplying the ensemble-averaged waveform (raw data) by the principal patterns (PP1, PP2 etc.).
Statistical Analysis
A series of one-way Analysis of Variance (ANOVA) models were utilized to identify group differences in age, BMI, and HOOS scores. Normality and equal variance of gait velocity collected on the GaitRITE TM walkway, and motion characteristics and were tested using Kolmogorov-Smirnov and Levene's tests, respectively, followed by one-way ANOVAs to determine significant between group differences. In cases of non-normal data distribution, a Kruskall-Wallace test determined between group differences, followed by MannWhitney paired comparisons. In the case of non-homogeneity of variance, a Welch test was used to determine group differences, followed by a Games Howell post hoc test. EMG PP-scores were tested using two-way ANOVAs for group and group Ã side interactions, followed by paired t-tests with Bonferroni adjustments. Significance level was set at a ¼ 0.05. All statistical procedures were completed using SPSS V.21 (IBM, Armonk, NY).
RESULTS
Twenty participants were measured in the ASYM and MOA groups and 19 in the SOA group. Data from one ASYM individual were removed due to motion artifact. Participants in the ASYM group had lower BMI than the other groups, while all three groups differed in walking velocity and questionnaire outcomes (Table 1) .
Kinematics
In the sagittal plane, both the thoraco-lumbar and thoracic (in global) calculations showed group effects for total angular excursion (p < 0.001). In the thoracic region, the excursion was greater in the SOA group than either the ASYM or MOA (p < 0.001) ( Table 2) , whereas the ASYM group demonstrated less thoraco-lumbar motion than either of the other groups (p 0.002).
There were no group effects for thoraco-lumbar or thoracic frontal plane total excursion (p ¼ 0.689, p ¼ 0.055, respectively). However, thoracic motion showed group effects for angular excursion between heel strike and peak lean, whereby the SOA group demonstrated more ipsilateral lean than the other two groups (p 0.001) ( Table 2) , peaking in early stance.
No group main effects were found in total thoracic or thoraco-lumbar axial excursion (p ¼ 0.594, 0.274, respectively) ( Table 2) . EMG PP1 captured the overall waveform shape and dynamic pattern of ES activation (Fig. 1a) , where a group effect (p < 0.001) was found. The SOA group had a higher PC1 score than either other group (p < 0.002), which indicates less dynamic activity (i.e., less defined bursts of activation at ipsi and contra lateral initial contact). There were group Ã side interactions for both PP2 and PP3, with only the SOA group having sided differences (contralateral lower than ipsilateral for PP2, whereas ipsilateral was lower for PP3) (p < 0.001). Low PP2-scores, as found in the SOA group on the contralateral side (Table 3) , indicate sustained ES activity during the swing phase. Low PP3-scores suggest sustained ES activity during stance. Within each side, all three groups differed from each other (p < 0.001) on both the ipsilateral and contralateral sides for PP2, indicating that as severity of OA increased, so did the bilateral ES activity during swing. In PP3, however, the SOA group differed from both other groups (p < 0.001) on the ipsilateral side only, with the SOA low score indicating sustained ipsilateral ES activity during stance. There were no PP3 differences between groups contralaterally.
DISCUSSION
Previous hip OA studies have focused on the pathological hip, yet the literature suggests that associated kinematic changes also occur in the trunk, which may partially explain the prevalence of low back pain in this population. This study focused on trunk motion and muscular activity during gait associated with moderate and severe unilateral symptomatic hip OA, when compared to a group with no symptoms of hip OA.
Kinematics
Our results support the first hypothesis, that people with SOA would demonstrate increased ipsilateral frontal plane motion during stance and greater total sagittal excursion of the thoraco-lumbar and thoracic region. The amount of thoracic ipsilateral lean that occurred in early stance was approximately four times greater in the SOA group than the ASYM (mean (SD) ¼ 3.1 (2.2)˚, vs. 0.7 (0.8)˚, respectively). Moving the center of mass laterally over the affected hip will reduce the net external hip adduction moment, resulting in less absolute force production required by the potentially weakened hip abductors 27, 28 to maintain a level pelvis. 29 In turn, hip joint compressive forces resulting from muscle activation will also diminish. 30, 31 However, this exaggerated frontal lean has possible implications for the knees and spine. An ipsilateral lean during stance would tend to shift the ipsilateral knee joint load to a more lateral position. 4 If maintained during the Shading, highlighted group significantly different than both of the other two groups (p < 0.05). Excursion, maximum-minimum.
a Equals the average difference between the first data point and peak frontal motion during stance. Figure 1 . Average electromyograms of erector spinae (ES) activity, comparing an asymptomatic (asym) group, with those having moderate and severe unilateral hip osteoarthritis (mod OA, severe OA, respectively). (a) Principal patterns that together explain 98% of the waveform variance; (b) ES activity on the side ipsilateral to the affected hip, whereas (c) is ES activity on the contralateral side; gait cycle begins with heel strike of the symptomatic leg. Random hip was assigned in the asym group.
TRUNK RESPONSE TO HIP OA swing phase of the symptomatic hip, the knee adduction moment of the contralateral knee would increase. 29 Literature suggests that subsequent to a hip arthroplasty, the next most frequent joint to be replaced is the contralateral knee, 32 thus this increased ipsilateral frontal lean may be a contributor to subsequent knee joint OA. Similarly, increased trunk frontal plane motion might result in greater contralateral trunk muscle activity, working eccentrically to control the side-bending moment 33 then concentrically during the return toward midline.
In both the thoraco-lumbar and thoracic regions, the SOA groups demonstrated greater sagittal excursion than the other groups. In Rutherford et al., 13 a SOA group lacked an average of 25˚of dynamic hip extension when compared to a healthy population, maintaining a flexed hip throughout the gait cycle. The increased sagittal plane excursion found in the current study for individuals with SOA may be a compensatory mechanism, in an attempt to achieve a symmetrical gait pattern despite limited or painful hip extension. 3, 5, 15 However, while these compensatory spine motions may assist with protection and movement of the arthritic hip, repetitive spine flexion/ extension has been shown to hasten disc degeneration [34] [35] [36] and increase facet and foramenal pressure, 37 thus potentially contributing to the development of low back pain, commonly found with hip OA. 10 To control these greater thoraco-lumbar and thoracic excursions during gait, it is expected that muscle activation patterns would be altered to preserve joint function and maintain trunk control.
EMG
To the best of our knowledge, this is the first study to analyze erector spinae activity in people with unilateral symptomatic hip OA. In a healthy, non-arthritic population, such as the ASYM group, ES activity is highly cyclical: peak activity coincides with foot contact, 16 and decreases greatly during the stance and swing phases bilaterally. We hypothesized that in a group with unilateral hip OA, ES recruitment patterns would be altered during stance, and would vary with OA disease severity. Our results partially support this hypothesis.
Sustained ES activity in the SOA group were demonstrated throughout most of the gait cycle (Fig. 1b and c) . The decrease in amplitude corresponding to mid-stance and mid-swing were less obvious in the SOA group. Specifically, the low PP3-scores (Table 3) indicate that ipsilateral ES activity remains high through most of the stance phase, with less dynamic response to changing external moments.
Contrary to our hypothesis, altered ES motor patterns were not limited to the stance phase. PP2-scores differed between each group, indicating that as disease severity increased, ES activity was sustained bilaterally during the ipsilateral swing phase (Table 3 , Fig. 1c) . Previous literature has shown that groups with SOA demonstrate significant weakness in the hip flexors, extensors, ab/adductors, and reduced sagittal motion of the ipsilateral hip and knee. 2, 13, 27, 38 Greater ES activity would tend to increase lumbar stability, 39 encouraging movement to occur at the hip joint as opposed to the spine. Thus, increased ES activity may be a mechanism to assist hip flexion (swing through) of the affected limb.
However, this sustained ES activity comes with a cost; lumbar compression increases with muscle activation levels, 40 thus prolonged ES activity would result in greater compression over longer periods of time. Prolonged or repetitive lumbar compression, combined with increased sagittal motion, has been shown to hasten lumbar disc herniation. 41 Similarly, repetitive lumbar extension throughout gait, when combined with a higher compressive load due to prolonged ES activity, would increase lumbar facet joint compression. In turn, lumbar facet joints may be prone to impingement and degeneration. This is especially pertinent for this age group, as available lumbar extension decreases with age, 42 thus a greater percentage of available range is being used during gait, compared to a younger group.
Limitations
Several limitations exist in this study. Firstly, while all participants reported only one symptomatic hip, most also manifested some degenerative change in the contralateral hip and thus alterations are likely a result of degenerative change and symptoms rather than degenerative changes in isolation. Similarly, the ASYM group did not undergo radiographic examination, thus the possibility exists that asymptomatic arthritic changes may have existed. Secondly, treadmill speed was set to the self-selected speed that participants adopted on the Gait-RITE TM walkway, with the assumption that similar walking patterns would be exhibited on the treadmill. While GaitRITE reliability and validity have been shown, 43 numerous participants commented that the treadmill seemed faster, although this sensation tended to reduce after 2-3 min of treadmill walking. As with previous studies, walking velocity decreased with disease progression. 12, 38 Previous literature has shown that a slower walking velocity does not affect the temporal or peak activation of erector spinae at the thoracic or lumbar level, and actually results in decreased lumbar kinematic excursion in all three planes, 17 which differs from the current study where no change was found in thoraco-lumbar excursion. Thus, it was felt that self-selected speed best represented normal gait patterns in all groups. Thirdly, EMG amplitudes were normalized to peak amplitude obtained, thus absolute amplitude comparisons between legs or groups could not be completed. 44 This method was chosen to avoid maximum muscle contractions, which may have resulted in pain and thus a questionable true maximum effort. Instead, PCA was applied to analyze temporal patterns of the muscles, as previously documented in knee OA literature. 45 Fourth, lumbar muscle activity was monitored solely at the L3 level, 6 cm from the spine bilaterally. This site was thought to best capture muscle activity associated with the anticipated frontal lean. Future research should include numerous levels of the lumbar spine, at varying distances from the spine, as well as the abdominal muscles, to gain a more comprehensive understanding of trunk control. Finally, thoraco-lumbar motion was determined by calculating the difference in position between markers placed atop the sacrum and the thoracic spine, as per previous research. 46, 47 However, in this study, marker clusters were centered at the level of the inferior scapular angle (approximately T7). 48 Thus, this thoraco-lumbar data represents motion occurring in the lower thoracic and lumbar spine. This is a simplistic interpretation of spine motion in this region which would benefit from a more detailed spine model in the future.
CONCLUSIONS
People with severe unilateral hip OA walked with increased sagittal and frontal plane trunk motion in comparison to an asymptomatic group and individuals with moderate hip OA. Bilateral ES activation during the swing phase progressively increased as disease severity increased, whereas stance phase activation was increased in the ipsilateral side of the SOA group only. Clinicians need to recognize that some of these mechanical changes are beginning to appear in individuals with moderate hip OA, and increase with disease severity. Understanding these compensatory movements and motor patterns may assist in the prevention of secondary pain and possible lumbar spine degenerative changes in populations with hip OA.
